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Cryptotanshinone Activates p38/JNK and Inhibits Erk1/2
Leading to Caspase-Independent Cell Death in Tumor Cells
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Abstract
Cryptotanshinone (CPT), a natural compound isolated from the plant Salvia miltiorrhiza Bunge, is a

potential anticancer agent. However, the underlying mechanism is not well understood. Here, we

show that CPT induced caspase-independent cell death in human tumor cells (Rh30, DU145, and

MCF-7). Besides downregulating antiapoptotic protein expression of survivin and Mcl-1, CPT

increased phosphorylation of p38 mitogen-activated protein kinase (MAPK) and c-jun N-terminal

kinase (JNK), and inhibited phosphorylation of extracellular signal–regulated kinases 1/2 (Erk1/2).

Inhibition of p38 with SB202190 or JNK with SP600125 attenuated CPT-induced cell death. Similarly,

silencing p38 or c-Jun also in part prevented CPT-induced cell death. In contrast, expression of

constitutively active mitogen-activated protein kinase kinase 1 (MKK1) conferred resistance to CPT

inhibition of Erk1/2 phosphorylation and induction of cell death. Furthermore, we found that all of

these were attributed to CPT induction of reactive oxygen species (ROS). This is evidenced by the

findings that CPT induced ROS in a concentration- and time-dependent manner; CPT induction of

ROS was inhibited byN-acetyl-L-cysteine (NAC), a ROS scavenger; and NAC attenuated CPT activation

of p38/JNK, inhibition of Erk1/2, and induction of cell death. The results suggested that CPT

induction of ROS activates p38/JNK and inhibits Erk1/2, leading to caspase-independent cell death

in tumor cells. Cancer Prev Res; 5(5); 778–87. �2012 AACR.

Introduction
Cryptotanshinone (CPT) is one of themajor tanshinones

isolated from Salvia miltiorrhiza Bunge (Danshen), which
has beenused in traditional Chinesemedicine for treatment
of a variety of diseases including coronary artery disease (1),
hyperlipidemia (2), acute ischemic stroke (2), and chronic
renal failure (3), chronic hepatitis (4), and Alzheimer
disease (5). Recent studies have further shown that Dan-
shen also exhibits anticancer activity, which is attributed to
the cytostatic and cytotoxic effects of the tanshinones
including tanshinone I, tanshinone IIA, dihydrotanshi-

none, and CPT isolated from the herb (6–8). Most
recently, we have shown that CPT is the most potent
anticancer agent among the tanshinones, by inhibiting
proliferation of cancer cells (9). CPT inhibition of cell
proliferation is related to inhibition of cyclin D1 expres-
sion, which results in decreased phosphorylation of ret-
inoblastoma (Rb) protein, leading to cell-cycle arrest in
G1 phase (9). Our further studies also indicate that CPT
induces cell death of cancer cells. However, the underly-
ing mechanism is not clear.

Increasing evidence indicates that members of the mito-
gen-activated protein kinase (MAPK) family are involved in
the regulation of cell survival or death (10, 11). In mam-
malian cells, there exist at least 3 distinct groups of MAPKs,
including extracellular signal–regulated kinases 1/2 (Erk1/
2), c-jun N-terminal kinase (JNK), and p38 MAPK (10).
JNK and p38 are known as stress-activated protein kinases
(11). In response to extracellular stress stimuli, such as
oxidative stress, heat and osmotic shock, chemotherapeutic
drugs, UV irradiation, and inflammatory cytokines, JNK/
p38 are generally activated (11–15), which may upregulate
proapoptotic genes through the activation of specific tran-
scription factors or directly modulate the activities of mito-
chondrial pro- and antiapoptotic proteins through distinct
phosphorylation events, resulting in stress stimulus-initiat-
ed extrinsic andmitochondrial intrinsic apoptosis (11–15).
In response to growth factors, cytokines, virus infection,
ligands for heterotrimeric guanine nucleotide-binding

Authors'Affiliations: 1Department of Biochemistry andMolecular Biology,
2Feist-Weiller Cancer Center, Louisiana State University Health Sciences
Center, Shreveport, Louisiana; and 3Department of Clinical Pharmacy,
College of Pharmacy, Nanjing University of Chinese Medicine, Nanjing,
Jiangsu Province, China

Note:Supplementary data for this article are available atCancer Prevention
Research Online (http://cancerprevres.aacrjournals.org/).

Corresponding Authors: Shile Huang, Department of Biochemistry and
Molecular Biology, Louisiana State University Health Sciences Center,
1501 Kings Highway, Shreveport, LA 71130. Phone: 1-318-675-7759;
Fax: 1-318-675-5180; E-mail: shuan1@lsuhsc.edu; and Yin Lu, Depart-
ment of Clinical Pharmacy, College of Pharmacy, Nanjing University of
Chinese Medicine, 282 Hanzhong Road, Nanjing, Jiangsu Province
210029, China. Phone: 86-25-86798154; Fax: 86-25-86798188; E-mail:
luyingreen@126.com

doi: 10.1158/1940-6207.CAPR-11-0551

�2012 American Association for Cancer Research.

Cancer
Prevention
Research

Cancer Prev Res; 5(5) May 2012778

D
ow

nloaded from
 http://aacrjournals.org/cancerpreventionresearch/article-pdf/5/5/778/1732766/778.pdf by guest on 19 M

ay 2023



protein (Gprotein)-coupled receptors, transforming agents,
and carcinogens, Erk1/2 could be activated (10, 16, 17).
Activation of Erk1/2 generally promotes cell proliferation,
differentiation, and survival (10, 16, 17).
Here, we show that CPT induced caspase-independent

cell death in human rhabdomyosarcoma (Rh30), prostate
(DU145), and breast (MCF-7) cancer cells. Mechanistically,
CPT induced reactive oxygen species (ROS), which activate
JNK/p38 and inhibit Erk1/2, triggering cell death.

Materials and Methods
Materials
CPT [�98% purity by high-performance liquid chro-

matography (HPLC)] was purchased from Xi’an Hao-
Xuan Bio-Tech Co., Ltd. CPT was dissolved in 100%
ethanol to prepare the stock solutions (20 mmol/L),
aliquoted and stored at �20�C. RPMI-1640 and Dulbec-
co’s Modified Eagle’s Medium (DMEM) were provided by
Mediatech. FBS was from Hyclone, and 0.05% trypsin-
EDTA was from Invitrogen. CellTiter 96 AQueous One
Solution Cell Proliferation Assay kit was from Promega.
Annexin V-FITC Apoptosis Detection Kit I was from BD
Biosciences. CM-H2DCFDA was from Invitrogen and N-
acetyl-L-cysteine (NAC) from Sigma. Caspase-3/7 Assay
Kit (catalog no. 71118) was purchased from AnaSpec, Inc.
Enhanced chemiluminescence solution was from Perkin-
Elmer Life Science. Z-VAD-FMK was purchased from
Alexis Biochemicals. SB202190 and SP600125 were
obtained from LC Laboratories and were dissolved in
DMSO to prepare stock solutions (10 and 20 mmol/L,
respectively, stored at �20�C).

Cell lines and culture
Human rhabdomyosarcoma (Rh30; a gift fromDr. Peter J.

Houghton, Nationwide Children’s Hospital, Columbus,
OH) and prostate carcinoma (DU145) cells (American Type
Culture Collection) were grown in antibiotic-free RPMI-
1640 medium supplemented with 10% FBS. Human breast
carcinoma (MCF-7) cells (American Type Culture Collec-
tion) were grown in antibiotic-free DMEM supplemented
with 10% FBS. No authentication was done by the authors.
All cellswere cultured in ahumid incubator (37�C,5%CO2).

Cell viability assay
Cells were seeded at a density of 1� 104 cells per well in a

flat-bottomed 96-well plate. Next day, the cells were treated
with CPT (0–40 mmol/L) for 48 hours. Subsequently, each
well was added 20mL of one solution reagent (Promega) and
incubated for 3 hours. Cell viability was determined by
measuring theoptical density (OD)at490nmusing aWallac
1420 Multilabel Counter (Perkin-Elmer Life Sciences).

Cell apoptosis analysis
Apoptosis assay was conducted as described previously

(18). Briefly, cells were seeded in 100-mm dishes at a
density of 2 � 106 cells per dish in the growth medium
and grown overnight at 37�C in a humidified incubator

with 5% CO2. Cells were treated with CPT (0–40 mmol/L)
for 72 hours or with 10 mmol/L CPT for 0 to 72 hours,
followed by apoptosis assay by the Annexin V-FITC Apo-
ptosis Detection Kit I (BD Biosciences). Cells treated with
vehicle alone (100% ethanol) were used as a control.

Cell morphologic analysis
Rh30 or DU145 cells were seeded in 6-well plates at a

density of 5� 104 cells per well (in triplicate). Next day, the
cells were exposed to CPT (0–40 mmol/L). After incubation
for 5 days, the images were taken with anOlympus inverted
phase-contrast microscope (Olympus Optical Co.; � 200)
equipped with the Quick Imaging system.

Caspase-3/7 activity assay
Caspase-3/7 activity was measured as described (19), by

the Sensolyte Homogeneous AMC caspase-3/7 assay kit
(AnaSpec, Inc.). Briefly, cells grown in a 96-well black-wall
and clear-bottom plate were treated with CPT (0–40 mmol/
L) for 24 hours. Subsequently, caspase-3/7 substrate solu-
tion (50 mL/well) was added, followed by gently shaking
and incubation at room temperature for 1 hour. Finally,
the fluorescence intensity was recorded by excitation at 354
nm and emission at 442 nm using a Wallac 1420 Multi-
label Counter (Perkin-Elmer Life Sciences).

ROS detection
ROS detection was conducted as described previously

(20). Briefly, cells were seeded at a density of 1 � 104 cells
per well in a flat-bottomed 96-well plate. Next day, the cells
were incubated with CPT (0–40 mmol/L) for 24 hours or 10
mmol/L CPT for 0 to 24 hours, with 6 replicates of each
treatment, followed by loading with 10 mmol/L CM-
H2DCFDA following the manufacturer’s protocol. In some
cases, cells were pretreated with NAC (5 mmol/L) for 1
hour, and then treated with/without CPT (10 and 20 mmol/
L) for 24 hours, followed by loading with 10 mmol/L CM-
H2DCFDA for 2 hours. The fluorescent intensity was
recorded by excitation at 485 nm and emission at 535 nm
using a Wallac 1420 Multilabel Counter (PerkinElmer Life
Sciences).

Lentiviral shRNA cloning, production, and infection of
cells

Lentiviral shRNAs to p38 MAPK and c-Jun were gen-
erated, as described previously (21). Lentiviral shRNA to
GFP (21) were used as a control. For use, monolayer
cells, grown to about 70% confluence, were infected
with above lentivirus-containing supernatant in the pre-
sence of 8 mg/mL polybrene for 12 hours twice at an
interval of 6 hours. Uninfected cells were eliminated by
exposure to 2 mg/mL puromycin. In 5 days, cells were
used for experiments.

Recombinant adenoviral construction and infection of
cells

The recombinant adenovirus expressing Flag-tagged con-
stitutively active MKK1 (Ad-MKK1-ca) was generated as
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described previously (22). The virus was amplified and
titrated as described (23). For experiments, cells grown in
6-well plates in the growth medium were infected with Ad-
MKK1-ca for 24 hours at the multiplicity of infection of 5.
Subsequently, the cells were treated with CPT (10 or 20
mmol/L) for 8 hours. Ad-GFP encoding GFP (23) served as a
control. Expression of Flag-tagged constitutively active
MEK1 was confirmed by Western blotting with antibodies
against Flag.

Western blot analysis
Western blotting was carried out as described previously

(9). Briefly, treated cells were washed twice with cold PBS
and then lysed in the lysis buffer [50 mmol/L Tris, pH 7.2;
150 mmol/L NaCl; 1% sodium deoxycholate; 0.1% SDS;
1% Triton X-100; 10 mmol/L NaF; 1 mmol/L Na3VO4;
protease inhibitor cocktail (1:1,000, Sigma)]. Lysates were
sonicated for 10 seconds and centrifuged at 13,000 � g for
10 minutes at 4�C. Protein concentration was determined
by BCA Protein Assay Kit (Pierce). The following primary
antibodies were used: JNK, phospho-JNK (Thr183/Tyr185),
c-Jun, phospho-c-Jun (Ser63), Erk2, p38, phospho-p38
(Thr180/Tyr182), PARP, apoptosis-inducing factor (AIF),
Bcl-2, survivin, Mcl-1, Flag (all from Santa Cruz Biotech-
nology), Bcl-xL, BAK, BAX (Biomeda), BAD, phospho-Erk1/
2 (Thr202/Tyr204; Cell Signaling), and b-tubulin (Sigma).
Goat anti-mouse IgG–horseradish peroxidase (HRP), goat
anti-mouse IgM-HRP, and goat anti-rabbit IgG-HRP were
purchased from Pierce.

Immunohistochemistry for AIF
Cells were seeded at a density of 3 � 105 cells per well

in a 6-well plate containing a sterilized poly-D-lysine–
coated coverslip per well. After treatment with CPT
(0–20 mmol/L) for 24 hours, cells were rinsed with PBS
and fixed with 4% paraformaldehyde for 2 hours at 4�C.
The coverslips were then heated in antigen retrieval
buffer (0.01 mmol/L sodium citrate buffer, pH 6.0) in
a water bath at 95�C for 10 minutes. After rinsing 3 times
in PBS, the cells were permeabilized in 0.1% Triton X-
100 for 10 minutes at room temperature and incubated
with 10% normal goat serum (Santa Cruz Biotechnol-
ogy) for 20 minutes to block nonspecific binding. Sub-
sequently, the cells were immunostained by incubating
with mouse monoclonal antibody against AIF (Santa
Cruz Biotechnology) overnight at 4�C and fluorescein
isothiocyanate (FITC)-conjugated goat anti-mouse IgG
antibody (Santa Cruz Biotechnology) for 2 hours at
room temperature. The cells were further counterstained
with 1 mg/mL 40,6-diamidino-2-phenylindole dihy-
drochloride (DAPI; Sigma) for 2 minutes at room tem-
perature. After a brief rinsing with PBS, the coverslips
were mounted on the slides in glycerol/PBS (1:1, v/v).
Finally, FITC (green) and DAPI (blue) staining were
visualized and photographed with a Nikon Eclipse
TE300 fluorescence microscope (Nikon Instruments
Inc.; � 600) equipped with a digital camera.

Statistical analysis
Results were expressed as mean values � standard error

(mean � SE). These data were analyzed by one-way
ANOVA followed by posthoc Dunnett t test for multiple
comparisons. A level of P < 0.05 was considered to be
significant.

Results
CPT induces death in cancer cells

Recently, we have shown that CPT inhibits proliferation
of rhabdomyosarcoma (Rh30), prostate (DU145), and
breast (MCF-7) cancer cells (9). To further unveil the
anticancer mechanism of CPT, we investigated whether
CPT induces programmed cell death or apoptosis in these
cancer cells. As Annexin V and propidium iodide (PI)
staining is routinely used for detection of apoptosis,
Annexin V-FITC Apoptosis Detection Kit I (BD Biosciences)
was used.We found that CPT induced death in Rh30 cells in
a concentration-dependent manner (Fig. 1A and C).
Approximately 3- to 4-fold increase of cell death was
observed, when the cells were exposed to CPT (5–20
mmol/L) for 72 hours, in comparison with the control (CPT
¼ 0 mmol/L; Fig. 1A and C). In addition, CPT also induced
death of Rh30 cells in a time-dependent manner (Fig. 1B
and D). Exposure to CPT (20 mmol/L) for 24 hours only
induced a marginal but not significant cell death. However,
treatment for 48 and 72 hours significantly increased the
cell death, by 2.3- and 4.3-fold, respectively (Fig. 1B andD).
Similar results were also observed in DU145 and MCF-7
cells (Supplementary Fig. S1A and S1B), indicating that
CPT-induced cell death is independent of cell type. By
morphologic analysis, we found that CPT also induced cell
shrinkage and rounding (Supplementary Fig. S1C), suggest-
ing apoptosis.

CPT-induced cell death is caspase independent
Programmed cell death can be triggered by caspase-

dependent and -independent mechanisms (24). With
regard to caspase-dependent mechanism, activation of
other caspases (e.g., caspase-8, caspase-9) finally results in
activation of caspase-3/7, leading to apoptosis (24). To
determine whether CPT-induced cell death is through acti-
vating caspase pathway, DU145 cells were exposed to CPT
(0–40 mmol/L) for 24 hours, followed by caspase-3/7
activity assay. As shown in Fig. 2A, treatment with CPT
(2.5–40 mmol/L) for 24 hours did not significantly alter
the activities of caspase-3/7 in the DU145 cells, compar-
ing with the control, indicating that CPT did not activate
caspase pathway. This is further supported by the findings
that CPT did not increase cleavage (89 kDa) of PARP (Fig.
2B), a well-known substrate of activated caspases. In
addition, we found that pretreatment for 1 hour with
10 mmol/L Z-VAD-FMK, a cell-permeant pan-caspase
inhibitor, failed to attenuate CPT-induced cell death
significantly (Supplementary Fig. S2). The results support
the notion that CPT-induced cell death is through cas-
pase-independent mechanism.
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As AIF and Bcl-2 familymembers are involved in caspase-
independent apoptosis (25, 26), we next investigated
whether CPT-induced cell death is by targeting these pro-
teins. In this study, we found that treatment with CPT
neither altered the cellular protein level of AIF (Supplemen-
tary Fig. S3, top), nor induced a translocation of AIF from
mitochondria to nucleus in Rh30 cells (Supplementary Fig.
S3, bottom). However, CPT downregulated expression of
antiapoptotic proteins, such as Bcl-2, survivin, andMcl-1, in
DU145 (Fig. 2B) and Rh30 cells (Supplementary Fig. S4) in
a concentration-dependentmanner. Apparently, CPT failed
to affect expression of proapoptotic proteins, including
BAD, BAK, and BAX (Supplementary Fig. S4). Therefore,
CPT-induced caspase-independent cell death is correlated
to decreased expression of antiapoptotic proteins (Bcl-2,
Mcl-1, and survivin).

CPT activates p38/JNK and inhibits Erk1/2, leading to
cell death
As MAPKs are also involved in caspase-independent cell

death (27, 28), we hypothesized that CPT induces death of
cancer cells by targeting JNK, p38, and Erk1/2 pathways. For
this, DU145 cells were exposed to CPT (0–40 mmol/L) for 8
hours, or CPT (10 mmol/L) for 0 to 12 hours, followed by

Western blot analysis. As shown in Fig. 3A, CPT did not
obviously alter total cellular protein expression of JNK, c-
Jun, p38, and Erk1/2, but induced phosphorylation of JNK,
c-Jun (a substrate of JNK), and p38, and inhibited phos-
phorylation of Erk1/2 in a concentration-dependent man-
ner. Remarkable increase of phospho-JNK/c-Jun/p38 and
decrease of phospho-Erk1/2 were detectable at 5 mmol/L.
CPT also activated JNK/p38 and inhibited Erk1/2 in a time-
dependent manner. It should be noted that CPT activation
of JNK/p38 was rapid and sustained. Within 2-hour treat-
ment, CPT was able to induce robust phosphorylation of
JNK, c-Jun, and p38; and the hyperphosphorylation of JNK,
c-Jun, and p38 persisted for at least 8 hours. After 12 hours
treatment, phosphorylation of c-Jun and p38 gradually
declined, but still remained much higher than the basal
levels (Fig. 3B).

To determinewhether activation of JNK/p38 correlates to
CPT-induced cell death, SP600125 and SB202190 were
used to block JNK and p38, respectively. Pretreatment of
DU145 cells with SP600125 (20 mmol/L) or SB202190 (10
mmol/L) markedly prevented CPT-induced phosphoryla-
tion of c-Jun or p38, respectively (Fig. 4A andB).Of interest,
inhibition of JNK and p38 with the inhibitors significantly
attenuated CPT-induced death in DU145 cells (Fig. 4C),

Figure 1. CPT induces apoptotic
cell death in tumor cells. Rh30 cells
grown in 100-mm dishes (2 � 106

cells per dish) were treated with
indicated concentrations of CPT
(0–20 mmol/L) for 72 hours (A), or with
10 mmol/L CPT for indicated time (B),
and then stained with Annexin
V-FITC and PI, followed by flow
cytometric analysis. Results
(A and B) are presented as mean
� SE (n ¼ 3). b, P < 0.01, difference
versus control group.
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suggesting that CPT induced death of the cancer cells in part
by activation of JNK/p38. This is further supported by the
observations that silencing c-Jun or p38 also partially pre-
vented CPT-induced death in Rh30 cells (Fig. 4D and E).

In addition, we also investigated whether inhibition of
Erk1/2 is associated with CPT-induced cell death. Mitogen-
activated protein kinase kinase 1 (MKK1) is the upstream
kinase of Erk, which directly phosphorylates Erk to trans-
duce the signal induced by different stimuli (29). As
expected, infection of Rh30 cells with a recombinant ade-
noviral vector expressing Flag-tagged constitutively active
MKK1 (Ad-MKK1-ca), but not GFP (Ad-GFP), increased
cellular protein expression of MKK1 by 5-fold. Ectopic
expression of constitutively active MKK1, but not GFP,
induced a robust phosphorylation of Erk1/2 (Fig. 4F).
Importantly, expression of constitutively active MKK1 con-

ferred high resistance to CPT inhibition of Erk1/2 phos-
phorylation (Fig. 4F), as well as CPT inhibition of cell
viability (Fig. 4G). The results imply that CPT induces death
of the cancer cells also partially by inhibiting Erk1/2 activity.
Taken together, our findings suggest that CPT activates p38/
JNK and inhibits Erk1/2, leading to death of cancer cells.

CPT-induced cell death is attributed to induction
of ROS

Because ROS can induce caspase-independent cell death
(30), we speculated that CPT-induced cell death links to
ROS induction. To this end, first we tested whether CPT
induces ROS in cancer cells. CM-H2DCFDA, a stable non-
fluorescent molecule, which can be oxidized by oxygen
radicals to form fluorescent molecule excitated by specific
wavelength lights, was used to measure the levels of ROS
in Rh30 and DU145 cells treated with CPT. As illustrated
in Fig. 5, CPT induced ROS in the cells in a concentration-
and time-dependent manner. Treatment with CPT for 24
hours at 10 to 20 mmol/L increased the ROS levels by 4- to
7-fold (Fig. 5A), and treatment with CPT at 10 mmol/L for
12 to 24 hours elevated the ROS levels by 2.5- to 4-fold
(Fig. 5B). Moreover, CPT induced ROS rapidly. Within 1
hour treatment, CPT (10 mmol/L) was able to significantly
elevate the ROS level in Rh30 and DU145 cells (Fig. 5B).

Next, we examined whether CPT induction of ROS is
really responsible for cell death. As expected, pretreatment
with NAC (5 mmol/L), a powerful antioxidant and ROS
scavenger, almost completely blocked CPT-induced ROS in
DU145 cells (Fig. 6A). NAC profoundly attenuated CPT-
induced phosphorylation of JNK, c-Jun, and p38, and
CPT-inhibited phosphorylation of Erk1/2 as well as pro-
tein expression of survivin and Mcl-1 (Fig. 6B). Of most
importance, pretreatment with NAC significantly pre-
vented CPT-induced cell death (Fig. 6C). Similar results

Figure 3. CPT activates p38/JNK and inhibits Erk1/2 in a concentration-
and time-dependent manner. DU145 cells grown in 6-well plates were
treated with CPT at indicated concentrations for 8 hours (A), or 10 mmol/L
CPT for indicated time (B), followed by Western blot analysis with
indicated antibodies.

Figure 2. CPT induces caspase-
independent cell death in tumor
cells. A, DU145 cells grown in a
black wall 96-well plate were
treated with CPT (0–40 mmol/L) for
24 hours, followed by adding
caspase-3/7 substrate solution
(50 mL/well). After incubation at
room temperature for 1 hour, the
fluorescence intensity was
recorded by excitation at 354 nm
and emission at 442 nm using a
Wallac 1420 Multilabel Counter.
Results are presented as mean �
SE (n ¼ 6). Note: CPT did not
significantly alter the activities of
caspase-3/7. DU145 cells were
grown in 6-well plates and treated
with CPT at indicated
concentrations for 8 hours (B), or
with CPT (10 mmol/L) for indicated
time (C), followed by Western blot
analysis with indicated antibodies.
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Figure 4. CPT-induced cell death is in part by activation of p38/JNK and inhibition Erk1/2. A–C, DU145 cells, grown in 6-well plates (A and B) or 96-well plates
(C), were pretreated with or without SB202190 (10 mmol/L) or SP600125 (20 mmol/L) for 30 minutes, and then exposed to CPT (0, 10, 20 mmol/L) for 8 hours
(for Western blotting), or for 48 hours (for cell viability), followed by Western blot analysis using indicated antibodies (A and B), or cell viability assay
using one solution reagent (C). D, Rh30 cells grown in 6-well plateswere infectedwith lentiviral shRNAs to p38, c-Jun, andGFP, respectively. In 5 days, whole-
cell lysates were subjected to Western blotting using indicated antibodies. Note: Lentiviral shRNA to p38 or c-Jun, but GFP, downregulated cellular
protein expression of p38 or c-Jun by approximately 90%. E, Rh30 cells grown 96-well plates, infected with lentiviral shRNA to p38, c-Jun, and GFP,
respectively, were exposed to CPT at indicated concentrations for 48 hours, followed by cell viability assay using one solution reagent. Results are presented
asmean�SE (n¼3). a,P <0.05, difference versusGFP shRNAgroup; b,P < 0.05, difference versus 10mmol/L SB202190 group; c,P < 0.05, difference versus
20 mmol/L SP600125 group. F, Rh30 cells grown in 6-well plates were infected with recombinant adenoviruses expressing Flag-tagged constitutively active
MKK1 (Ad-MMK1-ca) and GFP (Ad-GFP, control), respectively. In 24 hours, whole-cell lysates were subjected to Western blotting using indicated
antibodies. Note: Ad-MKK1-ca, but Ad-GFP, increased expression of MKK1 by 5-fold in Rh30 cells. G, Rh30 cells grown in 96-well plates, infected
with Ad-MKK1 and Ad-GFP respectively, were exposed to CPT at indicated concentrations for 48 hours, followed by cell viability assay using one solution
reagent. Results are presented as mean � SE (n ¼ 3). a, P < 0.05, difference versus 0 mmol/L CPT group; b, P < 0.05, difference versus 10 mmol/L CPT
group; c, P < 0.05, difference versus 20 mmol/L CPT group.
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were observed in Rh30 cells (data not shown). Collec-
tively, the results suggest that CPT induction of ROS
activates stress kinases (JNK/p38) and inhibits prosurvi-
val molecules (Erk1/2, survivin, and Mcl-1), causing cell
death.

Discussion
Recently, we have shown that CPT inhibits cancer cell

proliferation by arresting cells in G1 phase, which is related

to inhibition of cyclin D1 expression and Rb phosphory-
lation (9). Here, we further show that CPT induces death of
cancer cells derived from rhabodamyosarcoma (Rh30),
breast carcinoma (MCF-7), and prostate carcinoma
(DU145), suggesting that CPT is a potential anticancer
agent. However, in the present study, we noticed that CPT
did not induce cell death until at quite high concentrations
(>5mmol/L) in the cancer cells. Achievablemaximal plasma
concentrations of CPT were only 14.7 to 55.8 ng/mL (i.e.,

Figure 5. CPT increases ROS levels
in tumor cells in a concentration-
and time-dependentmanner. Rh30
and DU145 cells grown in 96-well
plates were treated with CPT at
indicated concentrations for 24
hours (A), or with 10 mmol/LCPT for
indicated time (B), followed byROS
detection using CM-H2DCFDA.
Fluorescent intensity was recorded
by excitation at 485 nm and
emission at 535 nm using a Wallac
1420 Multilabel Counter. Results
are presented as mean � SE
(n ¼ 6). a, P < 0.05; b, P < 0.01,
difference versus 0 mmol/L CPT
group (A) or 0 hour CPT group (B).

Figure 6. The effects of CPT on
MAPKs are attributed to induction
of ROS. DU145 cells, grown in 96-
well plates (A and C) or 6-well
plates (B and D), were pretreated
with or without 5 mmol/L NAC for
30 minutes and then exposed to
CPT at indicated concentrations
for 24 (for ROS detection and
Western blotting) or 48 hours (for
cell viability assay), followed by
ROS detection using CM-
H2DCFDA (A), Western blot
analysis (B and D) using indicated
antibodies, or cell viability assay
using one solution reagent (C).
Results are presented in (A) and (C)
as mean � SE (n ¼ 6). a, P < 0.05,
difference versus 0 mmol/L CPT
group; b, P < 0.05, difference
versus 5 mmol/L (A) or 10 mmol/L (C)
CPT group; c, P < 0.05, difference
versus 10 mmol/L (A) or 20 mmol/L
(C) CPT group.
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0.05–0.18 mmol/L) in rats and 3.1 to 227.4 ng/mL (i.e.,
0.01–0.77 mmol/L) in dogs after oral administration of a
single dose (30–180 mg/kg for rats; 17.8–1,080 mg/kg for
dogs) of CPT (31). Thus, it is essential to develop a new
formula (such as nanoparticles) of CPT to increase its
bioavailability or more potent CPT analogs for cancer
prevention and treatment. A recent study have shown that
CPT at 50 mmol/L did not exhibit significant cytotoxicity in
normal cells (32), further highlighting that CPT may be
explored for tumor selective treatment.
It has been implicated that programmed cell death can be

triggered through caspase-dependent and/or -independent
mechanisms (24). In this study, we found that CPT-induced
death of cancer cells was independent of activation of
caspase cascade. This is evidenced by the findings that CPT
treatment did not increase the activities of caspase-3/7; CPT
failed to induce cleavage of PARP, a hallmark of activation
of caspases; and Z-VAD-FMK, a cell-permeant pan-caspase
inhibitor, was not able to prevent CPT-induced cell death
significantly.
To gain insight into the mechanism of caspase-indepen-

dent cell death, we initially focused on AIF, as AIF is
ubiquitously expressed in normal cells and tumor cells,
and plays a critical role in caspase-independent cell death
(25). It has been described that in response to apoptotic
stimuli, AIF is released from themitochondria andmigrates
into the nucleus, binds to DNA and triggers the destruction
of theDNA and cell death (25). Unfortunately, in this study
we failed to detect translocation of AIF from mitochondria
tonucleus inRh30 cells (Supplementary Fig. S3), suggesting
that CPT-induced cell death is independent of AIF. This is
further supported by our observation that CPT did not
induce DNA fragmentation by DNA laddering in Rh30 and
DU145 cells (data not shown).
By pharmacologic inhibition and genetic manipulation,

we finally identified that CPT activated p38/JNK and inhib-
ited Erk1/2, leading to caspase-independent cell death in
the cancer cells. Previous studies have shown that CPT
inhibited complement 5a (C5a)-induced phosphorylation
of Akt and Erk1/2, but not p38/JNK, thereby inhibiting
chemotactic migration of RAW264.7 cells, a murine mac-
rophage-like cell line (33). CPT also inhibited lipopolysac-
charide (LPS)-induced phosphorylation of JNK, p38, and
Erk1/2 in RAW264.7 cells, thus reducing production of
proinflammatory mediators (TNF-a and interleukin-6;
ref. 34). The discrepancy between these findings may be
due to different cell types or stimuli used.
Our results indicate that the cytotoxic effect of CPT was

attributed to induction of oxidative stress. This is strongly
supported by the observations that CPT induced ROS in
a concentration-dependent manner; pretreatment with
NAC, a ROS scavenger, completely blocked CPT (5 and
10 mmol/L) induction of ROS, and partially attenuated CPT
activation of p38/JNK and inhibition of Erk1/2, as well as
induction of cell death. However, other reports suggest that
CPT may function as an antioxidant as well (34, 35). For
example, CPT (10 mg/ml, corresponding to 3.37 mmol/L)
protects primary rat hepatocytes from bile acid–induced

apoptosis by inhibiting JNK phosphorylation (35). Also,
CPT (1 mmol/L) directly inhibits hydrogen peroxide–
induced NF-kB luciferase activity in human umbilical vein
endothelial cells (36). In this study, CPT did not signifi-
cantly increase ROS level in Rh30 and DU145 cells until 5
mmol/L. Therefore, it is possible that at low concentrations
(<4 mmol/L), CPT acts as an antioxidant whereas at high
concentrations (>5 mmol/L) as an oxidant. From publica-
tions, it appears very common that a natural product may
act as an antioxidant or oxidant, depending on concentra-
tions and environmental conditions (37). Best examples
include curcumin (38–40), resveratrol (41, 42), and (-)-epi-
gallocatechin-3-gallate (EGCG, refs. 43, 44), which deter-
mine cell fate by redox mechanism.

Recently, we have shown that CPT inhibits cell prolif-
eration by downregulating expression of cyclin D1 expres-
sion (9). Consistent with our previous finding (9), treat-
ment with CPT (10 mmol/L) for 24 hours remarkably
reduced cyclin D1 level (Supplementary Fig. S5). How-
ever, pretreatment with NAC (5 mmol/L) failed to atten-
uate CPT downregulation of cyclin D1 level (Supplemen-
tary Fig. S5). Given the fact that NAC prevents CPT-
reduced cell viability dramatically (Fig. 6C), we think
that CPT-induced cell death is probably not related to
decreased expression of cyclin D1.

However, in the present study, we noticed that CPT
strikingly downregulated expression of antiapoptotic pro-
teins survivin andMcl-1, which was, to some extent, related
to ROS induction. Pretreatment with NAC only partially
blocked the inhibitory effect of CPT on expression of these
proteins (Fig. 6D), implicating othermechanisms involved.
Currently, wedonot knowhowCPT-inducedROSaffect the
levels of the two proteins. Recent studies have shown that
CPT directly binds to Stat3 and blocks its dimerization,
thereby inhibiting Stat3 phosphorylation (Y705) and
function in DU145 cells (8). Mcl-1 and survivin are
positively regulated by Stat3 (45, 46). In addition, most
recent studies have revealed that CPT also inhibits the
mTOR, a master regulator of translation initiation (9).
Therefore, it will be interesting to elucidate whether CPT
downregulation of expression of survivin and Mcl-1 is
associated with inhibition of Stat3 and/or mTOR.

It is known that serine/threonine protein phosphatase 5
(PP5) and 2A (PP2A) are negative regulators of apoptosis
signal–regulating kinase 1 (ASK1) and Erk1/2, respective-
ly (47, 48). ASK1 lies upstream of MKK4/7 and MKK3/6,
which phosphorylate JNK and p38, respectively (11).
Studies have also shown that mTOR positively regulates
PP5 (49) and negatively regulates PP2A (22, 50). As CPT
inhibits mTOR (9), it remains to be determined whether
CPT activates p38/JNK and inhibits Erk1/2 is a conse-
quence of inhibition of mTOR signaling.

In summary, we have shown that CPT induced death of
cancer cells, whichwas not via activation of caspase cascade,
but through activation of p38/JNK and inhibition of Erk1/2
pathways, as well as downregulation of antiapoptotic pro-
teins survivin and Mcl-1. The cytotoxic effect of CPT was
associated with induction of ROS.
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